Much attention has been focused in recent years on the MutS family of proteins whose role in mismatch repair has been implicated in preventing the development of human cancers (for review, see Ref. 1) . Mutations in the genes encoding these proteins from bacteria to humans result in higher mutation rates and increased genomic instability. In addition, mismatch repair proteins play a role in preventing recombination from occurring between highly diverged sequences. MutS family members typically exhibit 20 -30% amino acid identity throughout the length of the protein with two more highly conserved subdomains, a putative NTP binding site and helixturn-helix structural domain, in the COOH-terminal half. Evidence from both in vitro and in vivo analyses has demonstrated that in eukaryotes, MutS proteins function as heterodimers to recognize and bind mismatched DNA base pairs that result from errors in DNA replication or from recombination, for example (2) (3) (4) (5) (6) (7) (8) . Once the MutS homolog heterodimer is bound to the DNA, a second heterodimer comprised of MutL homologs is recruited to the mismatch (9) . In analogy to the MutS-MutL system in bacteria, an endonuclease is presumably activated to allow repair of the mismatch.
The budding yeast Saccharomyces cerevisiae contains six MutS homologs (for review, see Ref. 10) . Five of these genes (MSH2-6) encode proteins that act on nuclear DNA, whereas one, MSH1, is required for stability of the mitochondrial genome (11, 12) . Of the nuclear MutS homologs, three function to repair mismatches in both vegetatively growing and meiotic cells (10) . Specificity of mismatch recognition has been shown to occur by the formation of distinct heterodimeric complexes. Msh2p interacts with Msh6p to recognize both single base pair mismatches as well as small loops formed by insertions or deletions in the DNA (2, 5, 13) ; in addition, Msh2p can complex with Msh3p to recognize insertion/deletion loops (4, 13) . The Msh2p-Msh6p protein-protein interaction and mismatch binding specificity are independent of the ability to bind and hydrolyze ATP, suggesting that ATP may be required for downstream events such as recruitment of MutL homologs (14, 15) .
Despite being highly homologous to other members of the MutS protein family, the two remaining MutS homologs in yeast, MSH4 and MSH5, play no role in mismatch repair in either vegetative or meiotic cells. Instead their role is to facilitate crossovers between homologs to ensure that chromosomes segregate to opposite poles at the first meiotic division (16, 17) . This second function for MutS homologs appears to be conserved through evolution as homologs of Msh4p and Msh5p have been found in both nematodes and mammals.
1,2 Mutants in MSH4 and/or MSH5 display levels of meiotic crossing over and spore viability which are 30 -50% of wild type. These phenotypes are observed even in homothallic diploids where no mismatches are present, underscoring the idea that Msh4p and Msh5p, unlike the other MutS family members, do not need to recognize base pair mismatches to perform their function. Instead it has been proposed that the ability to recognize aberrant DNA structures has been modulated in these proteins through evolution to recognize recombination intermediates such as Holliday junctions (16, 17) .
Because MSH4 and MSH5 function in a separate process from MSH2, 3, and 6, the question exists as to whether Msh4p and Msh5p have any features in common with the mismatch repair MutS homologs. The finding that msh4 msh5 diploids exhibit the same level of spore viability as either single mutant (16) suggested that these two proteins might also function as heterodimers. The work presented here confirms that the Msh4 and Msh5 proteins interact, and it demonstrates as well that, similar to Msh2p-Msh6p, hetero-oligomerization between Msh4p and Msh5p can occur in the presence of mutations that presumably destroy the ability of Msh5p to bind and/or hydrolyze ATP. Finally, data are presented which show that proteinprotein interactions between the mismatch repair and meiotic crossover classes of MutS proteins do not occur, indicating that at least one level of functional specificity between the two classes is regulated by who can form heterodimers with whom. (18) . Isogenic diploids were derived by transformation (19) of the same haploid parents with the appropriate knockout fragment (msh5::URA3 (16); msh5::LEU2, pCH2-6) followed by mating. YPP10 was transformed with pPAS66 linearized with XhoI to integrate TPIp-MSH5-3HA at URA3. Yeast media have been described (20) .
Plasmids-pCH2-6 contains LEU2 inserted into the BglII site of MSH5 in pNH181 (16) . The msh5::LEU2 fragment is released by cutting with HindIII and SacI.
The MSH5-3HA fusion gene under control of the TPI promoter was constructed in several steps. First, a vector containing the TPI promoter and a multiple cloning site (pJAY-2) was created by digestion of pTi␣O (21) A 200-base pair EcoRI/HindIII fragment containing this fusion was then substituted for the equivalent fragment in pPAS29 to generate pPAS66. pPAS65 (lexA-MSH4), pPAS58 (GAD-MSH4), pPAS64 (GAD-MSH5), and pPAS111 (GAD-MSH6) were made by polymerase chain reaction using Vent polymerase (New England Biolabs) to amplify the various genes. The resulting fragments were then ligated into either pBTM116 or pGAD424 (23) . Site-directed mutagenesis (24) was used to introduce specific nucleotide changes in the MSH5 gene carried in pNH189. 1.2-kilobase BglII/EcoRI fragments containing the mutations were exchanged with the equivalent fragment in pPAS64 to generate pDW10 (GAD-msh5-G643D, A644V), pPAS122 (GAD-msh5-G821D), and pPAS127 (GAD-msh5-G648R). For complementation, the 1.2-kilobase BglII/EcoRI fragments were substituted in pPAS79, which carries the MSH5 gene under its own promoter, to create pPAS135, pPAS136, and pPAS137, respectively. All three 1.2-kilobase fragments containing the mutations were sequenced to ensure that no additional mutations were introduced during the mutagenesis (data not shown). pNH108 is described in Ref. 25 . 2MSH4, pRDK371, and pORC1 were provided by P. Ross-MacDonald, D. Tishkoff, and T. Triolo, respectively.
Immunoprecipitation-Immunoprecipitation was performed essentially as described in Ref. 26 using 100 ml of YPP10-66-1 carrying either pBTM116 or pPAS65 grown in SD-Trp to an A 600 of 0.8. The proteins were fractionated by SDS-polyacrylamide gel electrophoresis, and immunoblots were probed using anti-lexA antibodies (CLONTECH) or the anti-HA 12CA5 ascites fluid (Babco). The presence of the antibody was detected using ECL (Amersham).
Two-hybrid Assay-Relevant plasmids were cotransformed into L40 selecting on SD-Trp,-Leu medium. The presence of the fusion proteins was confirmed by immunoblot analysis using anti-lexA or anti-GAD antibodies (CLONTECH) (data not shown). To rule out potential artifacts created by polymerase chain reaction, several independent clones for each plasmid were tested. In addition, only fusion proteins that were known to give a positive signal in the two-hybrid system in combination with at least one other protein were used. Histidine prototrophy was assayed on SD-His plates, and ␤-galactosidase activity was monitored as described (25) .
RESULTS

Msh4p and Msh5p
Physically Interact in Vivo-Protein-protein interactions between Msh4p and Msh5p were tested by two different methods. The first assay involved coimmunoprecipitation of Msh4p and Msh5p after ectopic expression in vegetative yeast cells. The MSH4 gene was fused to the 3Ј-end of lexA under control of the constitutive ADH1 promoter, thereby allowing detection of lexA-Msh4p using anti-lexA antibodies. The MSH5 gene was tagged by the addition of three HA epitopes at the end of the MSH5 coding sequence and integrated under control of the TPI promoter in a msh5::LEU2/msh5::LEU2 diploid to create YPP10-66-1 (see "Experimental Procedures"). The Msh5-3HAp was observed using the 12CA5 antibody directed against the HA epitope. Both the lexA-MSH4 and the MSH5-3HA fusion genes under control of the heterologous promoters were able to complement the spore viability defect of msh4 and msh5 diploids, respectively (data not shown).
Plasmids containing lexA alone (pBTM116) or lexA-MSH4 (pPAS65-2) were transformed into YPP10-66-1. Cell extracts derived from these strains were incubated with the 12CA5 antibody. The antibodies were precipitated by the addition of protein A-Sepharose, and the proteins were fractionated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose. When the immunoblots were probed with the anti-HA antibodies, the Msh5-3HA protein was found to precipitate with the beads (Fig. 1A, lanes 1 and 2) . When the immunoprecipitates were probed with lexA antibodies, a band migrating with the expected molecular mass for lexA-Msh4p (123 kDa) was observed to coimmunoprecipitate (Fig. 1B, lane  6 ). This band is not seen when lexA alone is present (Fig. 1B,  lane 4) , nor when the 12CA5 antibodies are omitted (Fig. 1B,  lanes 3 and 5) , suggesting a specific physical interaction between Msh4p and Msh5p.
The second assay utilized the two-hybrid system, a genetic method for detecting protein-protein interactions that occur in vegetatively growing yeast cells (27) . This method utilizes a strain, L40, containing two reporter genes, lacZ and HIS3, which have lexA operator sites present in their promoters (18) . When L40 is transformed with pPAS65-2, lexA-Msh4p is produced and presumably bound upstream of each reporter by virtue of the interaction between the lexA DNA binding domain and its binding sites. Introduction of the Gal4p activation domain (GAD) can result in activation of the reporter constructs when the Gadp is fused to a protein that interacts with lexAMsh4p. Activation of HIS3 transcription makes the cells prototrophic for histidine, whereas activation of the lacZ gene can be observed using an enzymatic assay for ␤-galactosidase activity. The combination of lexA-MSH4 and GAD-MSH5 produces both histidine prototrophy (Fig. 2) as well as substantial amounts of ␤-galactosidase activity (data not shown), indicating that lexA-Msh4p and Gad-Msh5p interact. This interaction is specific as no signal is observed when lex-MSH4 is combined either with GAD or with GAD fusions to HOP1, RED1 537-827 , or ORC1 (Fig. 2) . Like MSH4, HOP1 and RED1 encode meiosis-specific proteins that are localized on meiotic chromosomes in S. cerevisiae (17, 28, 29) . ORC1 encodes part of a protein complex bound at origins of replication in yeast (30) . These fusions have all been observed to interact with other proteins in the two-hybrid system and therefore are known to function in this assay (25, 31, 32) . The interaction between lexA-Msh4p and Gad-Msh5p is not being mediated by lexA, as no interaction is detected with the lexA and GAD-MSH5 combination (data not shown).
A positive signal was obtained with the combination of lexA-MSH4 and GAD-MSH4, indicating that Msh4p can form homooligomers in vivo (Fig. 2) . Whether the homo-oligomer has a function in the cell is unclear, however. The presence of MSH4 on a high copy number plasmid is unable to suppress the msh5 spore viability defect (data not shown). Furthermore, the msh4 phenotype is no more severe than msh5 (16) , contrary to what one might expect if Msh4p homo-oligomers effect some function distinct from the Msh4p-Msh5p hetero-oligomer.
Mutation of the Putative NTP Binding Domain of MSH5 Abolishes Function but Still Allows Interaction with MSH4 -
Mutations in the NTP binding domain of both yeast MSH2 and bacterial MutS reduce ATPase activity and create noncomplementing alleles that are dominant negative when overexpressed in a wild type background (14, 33, 34) . Alani et al. (14) further showed that changing a completely conserved glycine in the p-loop of the ATP binding domain of Msh2p to aspartic acid (position 693) does not affect the ability of Msh2p to interact with Msh6p, nor does it affect DNA mismatch binding specificity. To test whether mutations in the putative NTP binding domain of MSH5 have similar properties, two sitedirected mutant alleles of MSH5 were generated. msh5-G648R substitutes an arginine for the glycine at position 648, which corresponds to glycine 693 in the p-loop of Msh2p (Fig. 3) . The second allele, msh5-G643D, A644V, changes the absolutely conserved glycine at position 643 of the p-loop to aspartic acid as well as making a conservative change of alanine to valine at amino acid 644. Wu and Marinus (34) have shown previously that mutation of the corresponding glycine in MutS (position 614) creates a nonfunctional allele. The mutant alleles were then either placed under the MSH5 promoter and assayed for complementation, or they were fused to GAD and assayed for their ability to interact with lexA-MSH4.
The msh5-G643D, A644V, and msh5-G648R alleles were tested for complementation of the msh5 spore inviability defect by first transforming the msh5::URA3/msh5::URA3 diploid NH129 with the plasmids pPAS135 and pPAS137, respectively. The transformants were then sporulated and asci dissected to determine the fraction of viable spores. Both mutant alleles failed to complement and appear to be null (Table I ). The msh5-G643D, A644V allele was also tested for a dominant negative effect in a MSH5/msh5 diploid, and no phenotype was observed (data not shown). This finding is most likely due to a failure to overexpress the mutant protein to a sufficient level.
Both GAD-msh5-G643D, A644V and GAD-msh5-G648R interact with lexA-MSH4 in the two-hybrid assay. For GADmsh5-G643D, A644V, the amount of both HIS3 (as measured by colony size on SDϪHis medium) and lacZ activity observed was less than that found for GAD-MSH5 ( Fig. 4A ; data not shown), even though more of the mutant protein is made compared with Gad-Msh5p (Fig. 4B, compare lanes 1 and 3) . The Gad-msh5-G648R protein interacted slightly less well than Gad-Msh5p, but in this case the difference may be because slightly less of the mutant protein was made (Fig. 4B, lane 2) .
Alani et al. (14) discovered that mutation of some of the amino acids in the helix-turn-helix domain of MSH2 gives phenotypes similar to those in the G693D mutation in the ATP binding domain. For example, substituting aspartic acid for the glycine at position 855 of Msh2p (Fig. 3B ) results in a protein that fails to complement a deletion of MSH2 and has reduced ATPase activity yet still interacts with Msh6p. This glycine is conserved in all of the yeast nuclear MutS homologs, as well as in MutS itself (Fig. 3B) . The corresponding glycine codon in MSH5 was therefore mutated to aspartic acid thereby creating msh5-G821D. This mutation creates a null allele of MSH5 (Table I ). In combination with lexA-MSH4, the GAD-msh5-G821D gene shows a wild type level of histidine prototrophy (Fig. 4A ) and ␤-galactosidase activity (data not shown) in the two-hybrid assay, indicating that these proteins interact. It therefore appears that, similar to the mismatch repair MutS proteins, ATP binding and hydrolysis are essential steps that occur downstream of hetero-oligomer formation in the meiotic crossover MutS homologs.
Hetero-oligomers Are Not Observed between the Mismatch   FIG. 2 . Two-hybrid interactions between lexA-MSH4 and various GAD fusions. L40 was cotransformed with pPAS65 (lexA-MSH4) and either pGAD424 (GAD), pPAS58 (GAD-MSH4), pPAS64 (GAD-MSH5), GAD-RED1 537-827 , pNH108 (GAD-HOP1), or GAD-ORC1 . Transformants were streaked for single colonies on SDϪhis, Ϫtrp, Ϫleu medium to assess prototrophy for histidine. 
Repair and the Meiotic Crossover MutS Homologs in Yeast-
Given the fact that all five nuclear MSH genes in S. cerevisiae are known to function during meiosis and that both sets of proteins function as hetero-oligomers, it was of interest to determine whether hetero-oligomers can form between the two functionally distinct classes. Msh2p and Msh6p have been shown previously to interact by coimmunoprecipitation (2, 13). We reconstituted this interaction in the two-hybrid system using a lexA-MSH2 plasmid and GAD-MSH6 (see "Experimental Procedures"). Because the selectable marker on the lexA-MSH2 plasmid is HIS3, only activation of the lacZ reporter was assayed (Table II) . Cross-combinations of lexA-MSH4 and GAD-MSH6, lexA-MSH2 and GAD-MSH4, and lexA-MSH2 and GAD-MSH5 gave no activity even under conditions (long reaction time) where very weak interactions would be detected. These results indicate that at least one level of functional specificity of these proteins is mediated by hetero-oligomer formation.
DISCUSSION
Given the fact that the MutS-MutL system of mismatch repair is highly conserved between prokaryotes and eukaryotes, it was initially surprising to discover two MutS homologs in yeast, MSH4 and MSH5, which have no role in mismatch repair. Instead, these genes are required to facilitate reciprocal crossovers between homologous chromosomes (16, 17) , thereby providing the physical connection needed for proper meiosis I segregation (35) . To resolve the apparent paradox between homology and function, it was proposed that Msh4p and Msh5p have evolved different DNA binding specificities so as to recognize recombination intermediates such as Holliday junctions instead of mismatches (16, 17) . Alternatively, given the recent evidence that the mismatch repair protein Msh2p can itself bind to Holliday junctions (36), Msh4p and Msh5p may recognize a similar set of substrates but act to recruit different downstream components. The assumption underlying both of these hypotheses is that the general features characteristic of eukaryotic mismatch repair MutS proteins are conserved with the meiotic crossover family members. The work presented here validates this assumption.
The first of three general features of the mismatch repair MutS homologs is that the functional units are comprised of heterodimers. Genetic epistasis data comparing mutants of MSH2, MSH3, and MSH6 suggested the hypothesis that the Msh2 protein forms heterodimers with either Msh3p or Msh6p to recognize different types of mismatches (6, 13) . Subsequently, heterodimerization between Msh2p and either Msh3p or Msh6p (as well as their mammalian counterparts) has been shown either by coimmunoprecipitation or copurification (2-5, 7, 8, 13) . One function of heterodimerization appears to be providing mismatch specificity to the DNA binding activity. This idea comes from the fact that the binding specificities of Msh2p alone compared with Msh2p complexed with Msh6p are different (2, 26) , and it is the Msh2p-Msh6p complex that exhibits high affinity for the substrates expected from in vivo studies. In addition, genetic and biochemical analyses of mutant msh2 proteins complexed with Msh6p provide strong evidence that the complex is required to determine substrate specificity (14) . Two independent assays presented here, coimmunoprecipitation and two-hybrid analysis, indicate that Msh4p and Msh5p physically interact. Although the possibility exists that this interaction is being bridged by a third protein, FIG. 4 . Two-hybrid interactions between lexA-MSH4 and various alleles of GAD-MSH5. L40 was cotransformed with pPAS65 (lexA-MSH4) and either pPAS64 (GAD-MSH5), pPAS127 (GAD-msh5-G648R), pDW10 (GAD-msh5-G643D, A644V), pPAS122 (GAD-msh5-G821D) or pGAD424 (GAD). Panel A, transformants were streaked for single colonies on SDϪhis, Ϫtrp, Ϫleu medium to assess prototrophy for histidine. Panel B, 10 g of crude extract from each set of transformants was subjected to immunoblot analysis using anti-GAD antibodies. 
it seems unlikely given that both assays used vegetatively growing cells, and MSH4 and MSH5 are usually only transcribed during meiosis (17) . 4 It has been shown recently that the Msh4 and Msh5 proteins colocalize at discrete foci on meiotic chromosomes, 5 providing further evidence that these proteins function together in vivo.
Although both the coimmunoprecipitation and two-hybrid assays indicate that Msh4p and Msh5p interact with each other in vivo, neither assay addresses the stoichiometry with which they interact. Based on analogy to the mismatch repair MutS proteins we assume that the hetero-oligomeric structure formed by Msh4p and Msh5p is a heterodimer, but this fact has not yet been demonstrated.
The second general feature of the mismatch repair MutS homologs is that the ATP binding domain is essential for function. Mutagenesis of the p-loop of the ATP binding domain creates null alleles of the MutS genes in Escherichia coli and Salmonella typhimurium, as well as the MSH2 gene of yeast (14, 33, 34) . When similar residues are changed in MSH5, function is lost without affecting the amount of msh5 protein in the cell. The p-loop mutations in S. typhimurium and MSH2 were shown in vitro to decrease ATPase activity, and the assumption is that the same activity is what is affected in the msh5 mutants, but this remains to be tested. Interestingly, Alani et al. (14) showed that certain changes in the putative helix-turn-helix domain of MSH2 have in vivo and in vitro phenotypes similar to the p-loop mutations. Making the identical change in MSH5 (G821D) as was made in MSH2 (G855D) creates a null allele of MSH5 as well.
The third and final general feature is that mutations in the ATP binding domain do not affect hetero-oligomerization. Alani et al. (14) used coimmunoprecipitation and copurification to assay protein-protein interactions between Msh6p and various mutant Msh2 proteins. This work found that mutations in the p-loop and putative helix-turn-helix domains which reduced ATPase activity in vitro and created null alleles in vivo still allowed interaction with Msh6p. Using the two-hybrid system to analyze msh5 mutants in these domains (G643D, A644V; G648R; G821D) a similar finding was obtained; that is, although these mutations created null alleles of MSH5, there was little or no effect on the the ability of the mutant msh5 proteins to interact with Msh4p. This result suggests that, as with the Msh2p-Msh6p protein complex, ATP binding and hydrolysis are necessary for steps downstream of hetero-oligomerization such as creating a conformational change in the protein complex which allows other proteins to bind to the Msh4p-Msh5p complex (14, 33, 34) . Recent evidence suggests that MLH1, an MutL homolog in yeast, is a good candidate for such a component (36).
The meiotic crossover MutS proteins therefore share many attributes in common with the mismatch repair proteins. Previous studies using msh2 mutants suggested that the mismatch repair machinery may affect the length of conversion tracts perhaps by preventing the extension of heteroduplex formation after a mismatch is recognized. Consistent with this idea, Msh2p has recently been shown to bind to Holliday junctions in vitro (37) . Because Holliday junctions are a potential substrate proposed for Msh4 and Msh5, the authors speculated that Msh2 may interact with Msh4 and/or Msh5 "resulting in the formation of complexes that have different abilities to recognize structural features of recombination intermediates and/or have altered abilities to interact with different recombination pathways." The experiments presented here indicate that such cross-hetero-oligomerization does not occur. The Msh2p-Msh6p interaction observed by others using biochemical techniques was reproduced using the two-hybrid system. It was therefore possible to make different combinations of mismatch repair and meiotic crossover MutS homologs and ask whether proteins from different functional classes could form a complex. No hetero-oligomerization was observed between Msh2p and either Msh4p or Msh5p; nor were any proteinprotein interactions detected between Msh6p and Msh4p. Therefore, the functional specificity observed between the two classes of MutS homologs is due in part to the specificity of hetero-oligomerization. An interesting question that remains to be answered is how the different types of hetero-oligomers mediate their functions. Does the Msh4p-Msh5p complex recognize different substrates compared with the mismatch repair MutS proteins (which seems likely), and/or does it recruit a different set of proteins to the DNA once bound? Understanding these differences may provide important insights into how similar DNA-binding proteins can evolve to perform different types of functions in a cell.
